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Abstract 
 
This report describes an investigation of the piezoelectric field in strained bulk 
GaAs. The bound charge distribution is calculated  and suitable electrode 
configurations are proposed for (i) uniaxial and (ii) biaxial strain. The screening 
of the piezoelectric field is studied for different impurity concentrations and 
sample lengths. Electric current due to the piezoelectric field is calculated for the 
cases of (i) fixed strain and (ii) strain varying in time at a constant rate. 
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1. Introduction 
 
 
 
 
 
Figure 1.  (a) Illustration of the stress tensor components at a point represented by an infinitesimal 
cube. (b) In the cubic crystal structure piezoelectric field arises due to the shear stress or strain only. 
The underlying stress components and the resulting piezoelectric field vectors are plotted in the same 
color. 
 
The electric field inside the GaAs crystal appears under shear (off-diagonal) stress 
ij
σ or 
strain 
ij
ε  [1, 4, 5] (MKS units) 
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where 
14
e  and  
14
d  are the piezoelectric tensor coefficients, 
0
ε  is the permittivity of free 
space and )1( χ+  is the low-frequency dielectric constant. For the calculations we use  
16.0
14
−=e  C/m 2 , 12
14
1069.2
−
×−=d  m/V [2, 3], 12
0
1085.8
−
×=ε C 2 /(Nm 2 ), where C 
is Coulomb, and 71.13)1( =+ χ  [3] so that 
kji cmVcmVE ≠×= ε)/(1064.2)/(
7  
)/()/(22.2)/( 22 cmNCcmcmVE kji ≠= σ  
The breakdown field for GaAs is 5105.3 ×  V/cm [4]. 
 
 8 
 
 
Figure 2.  Piezoelectric field component in GaAs versus the off-diagonal (a) strain (deformation) 
component and  (b) stress component. 
 
 
There are three different mechanisms that contribute to the piezoelectric effect [2]: (i) the 
internal displacement of the ionic charge, (ii) the internal displacement of the electronic 
charge, and (iii) change in ionicity due to strain. 
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2. Electrode configurations 
2.1. Uniaxial stress or strain 
 
Figure 3.  Bound charges in GaAs as a result of uniaxial stress applied on (a)  (1,1,0) plane, (b) 
(0,1,1) plane, and (c) (1,1,1) plane.  The thick lines denote the contacts. 
These calculations are for experiments applying uniaxial stress on GaAs crystals. 
Uniaxial stress ,σ  applied on (1,1,0) plane produces piezoelectric field  
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in [0,0,1] direction. Uniaxial stress ,σ applied on (0,1,1) plane produces piezoelectric 
field   
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in [1,1,1] direction [2]. Figure 3 illustrates three possible electrode configurations; 
compare with Fig. 7 of Ref. [6]. 
 
Figure 4.  (top) Piezoelectric field in [0,0,1] direction vs. uniaxial (a1) strain and (b1) stress in [1,1,0] 
direction. (bottom)  Piezoelectric field in [1,1,1] direction vs. uniaxial (a2) strain and (b2) stress in 
[1,1,1] direction. In panel (a2) the squares indicate theoretical results from Ref. [2] and the dots 
indicate theoretical results from Ref. [4].Notice that uniaxial strain in [111] direction causes the 
strongest piezoelectric field. 
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2.2. Biaxial stress or strain 
 
Figure 5.  Bound charges in GaAs as a result of biaxial stress in  (a) (1,1,0) plane, (b) (0,1,1) plane, 
and (c) (1,1,1) plane. The thick lines denote the contacts. 
In an application, a GaAs crystal that is attached to an expanding or contracting surface   
experiences biaxial strain. Biaxial strain ,ε  in (1,1,0)  plane produces piezoelectric field  
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in [0,0,1] direction. Biaxial strain ,ε  in (0,1,1) plane produces piezoelectric field   
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in [1,0,0] direction. Biaxial strain ,ε  in (1,1,1) plane produces piezoelectric field  
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in [1,1,1] direction [7]. The elastic stiffness constants C take values: 10
11
1088.11 ×=C  
N/m 2 , 10
12
1083.5 ×=C  N/m 2 , and 10
44
1094.5 ×=C  N/m 2 . Figure 5 illustrates three 
possible electrode configurations for the crystal attached to a surface. 
 
Figure 6.  (top) Piezoelectric field in [0,0,1] direction vs. biaxial (a1) strain and (b1) stress in (1,1,0) 
plane. (bottom)  Piezoelectric field in [1,1,1] direction vs. biaxial (a2) strain and (b2) stress in (1,1,1) 
plane. In panel (a2) the dots indicate theoretical results from Ref.~\cite{SMI86}.Notice that strain in 
(111) plane causes the strongest piezoelectric field. 
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2.3. Comparison with previous studies 
The piezoelectric field ]111[E  dependence on the uniaxial strain ]111[ε  [line in Fig. 4 (a2)] 
agrees exactly with the calculations using (i) the formula for the piezoelectric 
contribution to the displacement 
]111[D  and (ii) the measured value of  16.014 −=e  C/m
2  
from Ref. [2]. The three points obtained from Ref. [2] are marked with squares in Fig. 4 
(a2). 
 Reference [4] reports on [111]-growth axis strained layer superlattices GaAs-- 
Ga
8.0
In
2.0
As. Both layers are under biaxial strain and the resulting shear strain causes 
piezoelectric field in [111] direction. We compared our calculations with the results from 
Ref. [4] and the three points obtained from Ref. [4] are marked with dots in Figs. 4 (a2) 
and 6 (a2). 
In Ref. [7] the piezoelectric field in biaxially strained In
15.0
Ga
85.0
As quantum well grown 
along [111] axis on GaAs is measured to be 5105.02.2 ×±  V/cm. The theoretical value 
of 5101.2 ×  V/cm obtained with the formula  
,
441211
1211
0
14
]111[
42
2
)1(
32
ε
χε CCC
CCe
E
++
+
+
=  
using parameters for In
15.0
Ga
85.0
As is in good agreement with the measurements. 
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3. Piezoelectric current 
3.1. Effect of doping on the total field inside the crystal 
 
Figure 7.  Bound charges and the resulting piezoelectric field in a strained crystal. 
Let us assume that a GaAs crystal is under constant strain. The bound charge due to the 
piezoelectric effect appears on the crystal surfaces A which are L apart (Fig. 7). As a 
result, otherwise uniform distribution of free carriers inside the crystal is modified in such 
a way that the field due to the bound charges is  screened. The resulting screened field 
s
E  
inside the crystal is 
,)(
zk
ps
seEzE
−
=  
where the inverse screening length is [12] 
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b
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where n is the free-carrier density and µ  is the chemical potential. The inverse screening 
length can be calculated for three cases [12]:  
(a) Thomas--Fermi approximation: at zero temperature (T = 0 K) 
F
E=µ  giving 
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Figure 8.  The screening length as a function of carrier density for  T = 0 K and T = 300 K. 
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where e is the electron charge, and 3/22
2
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2
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E
F
π
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=  is the Fermi energy. 
(b) Debye--Huckel approximation: at very high temperatures the Fermi distribution can 
be approximated by the Boltzman distribution giving 
,
0
2
0
Tk
ne
k
Bb
T
s
εε
=
>>  
where 23108 −×=
B
k  J/K is the Boltzman constant and T is the temperature in Kelvins. 
(c) in this report we use an analytic approximation for the chemical potential for T > 0 
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Figure 9.  The screened electric field normalized with 
p
E  as a function of the distance z from the 
crystal surface for (a) T = 0 K and (b) T = 300. In each panel from left to right the carrier density is 
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Notice that this formula reduces to case (b) for 0
31
== KK . 
Figure 8 shows the dependence of the screening length on the carrier concentration and 
Fig. 9 shows the normalized (with respect to
p
E ) screened electric field inside the crystal. 
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Figure 10. A setup for the piezoelectric current (undoped crystal) 
 Note that the screening depends on the carrier density and on the thickness of the crystal 
L. 
In samples with 410−<L  m and at T 300 K, intrinsic carrier concentration of 710−  cm 3−  
does not screen the piezoelectric field. However, at higher impurity densities the 
piezoelectric field will be screened by free carriers. For example, at 1510=n  cm 3−   the 
piezoelectric field will be reduced by three orders of magnitude for a sample length of  ≈  
1 micron. 
3.2. Piezoelectric current for a fixed strain 
We now assume that a strained crystal is used in a circuit with resistance R [Fig. 10 (left 
panel)] and calculate the resulting electric current after the switch S in on [Fig. 10 (right 
panel)]. We treat the crystal as a capacitor of capacitance ),0(// === tVqLAC
abp
ε  
where 
pp
AEq ε=  is the bound charge associated with the piezoelectric field
p
E .  If there 
is no doping and the switch S is on at time t = 0, a current will result in the circuit due to 
the potential difference )(tV
ab
 between the points a and b 
,
)()(
)(
RC
tq
R
tV
tI ab ==  
If q is the charge of the capacitor and Q is the charge flowing through the circuit then the 
charge conservation gives  
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Figure 11. Decaying current after the switch S in the circuit from Fig. 9 is on for n = 0. For this figure 
2
10
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=A m
2
,  
3
10
−
=L  m, and 1=R  MΩ . 
dt
dq
dt
dQ
tI −==)(  
so that 
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q
dt
dq 1
−=  
which has the solution 
t
RCeqtq
1
)0()(
−
=  
with 
p
qq =)0( . Differentiating the above equation gives the expression for the current in 
the circuit 
.
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RCp e
R
LE
e
R
tV
e
RC
q
dt
dq
tI
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==−=  
Because no work is being done on the system, there will be no DC current. However, 
some work have been put into straining the crystal and there will be a decaying current to 
discharge the capacitor. As the free charges accumulate at the electrodes the field 
d
E  
compensates the piezoelectric field 
p
E  and the total field between the two electrodes 
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vanishes [Fig. 10 (right panel)]. Assuming 2.1=C nF  [ 210−=A m 2 , 310−=L  m,  
12
1085.87.13
−
××=ε  C 2 /(Nm 2 )] and R=1 MΩ  we get the decay rate 2.1≈RC  ms. 
The decaying current is plotted  in Fig. 11. 
If there is doping the piezoelectric field will be screened even before the switch is on. If 
the piezoelectric field is not completely screened by free carriers (see Fig. 9) there will be 
a decaying current after the switch is on 
t
RCs e
R
LE
tI
1
)(
−
=  
which is smaller than the corresponding current for undoped material (
ps
EE < ). 
3.3. Generation of a DC current 
Let us assume that there is no doping. As the crystal is strained and the lattice is 
deformed there is a genuine motion of bound charges leading to bound-charge electric 
current (this is different from the free-carrier current which involves motion of free 
electrons). The piezoelectric field inside GaAs increases with the strain ε  according to 
.
2
0
14
dt
de
dt
dE
b
p ε
εε
=  
Concurrently, as described in the previous section, free electrons move through the circuit 
to discharge the capacitor 
).(
1
pd
d
EE
RCdt
dE
−−=  
Under the assumption that the crystal is expanding (contracting) on a time scale much 
longer than RC, that is 
,
dt
dE
dt
dE pd
>>  
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the field 
d
E   adiabatically follows the changes in  
p
E  [ )()( tEtE pd = ]. Thus, on the one 
hand 
,
2
0
14
dt
de
dt
dE
b
d
ε
εε
=  
and on the other hand, 
,
1
0
dt
dq
Adt
dE
b
d
εε
=  
leading to 
dt
d
AetI
ε
14
2)( =  
As long as work is being done on the crystal (expanding or contracting) the bound 
charges shift inside the crystal and there is electric current in the circuit. For a DC current 
the rate of change of strain should be a constant. For example, a strain increase at the rate 
of 1 %/h results in a DC current of  810−  A during the crystal expansion (contraction). 
If there is doping and the piezoelectric field is screened  the total current in the circuit 
will be reduced. 
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4. Conclusions 
We presented an investigation of the piezoelectric field in strained bulk GaAs. It 
is found that a lattice mismatch (strain) of 1% in [1,1,1] direction can give  rise to 
piezoelectric field of  ≈10
5 
V/m. In samples with thickness less than 10
-4 
m and at 
T=300 K, intrinsic carrier concentration of 10
-7 
cm
-3 
does not appear to screen the 
piezoelectric field. However, at higher impurity densities, for example at n= 10
15 
cm
-3
, the piezoelectric  field may be reduced by as much as three orders of 
magnitude for sample thickness of 1micron. If the piezoelectric field is not totally 
screened, a strained crystal can generate an electric current when it is connected to 
an electrical circuit. For a fixed strain, an exponentially decaying current will 
result. For a DC current the strain has to vary in time at a constant rate. For 
example, for intrinsic GaAs with area of 1 cm
2
, a strain increase at the rate of 
1%/h results in a DC current of  10
-8
A during the crystal expansion (or 
contraction). 
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